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LAINTRODUCTION

Recently there s been i resmgence of terest
bolometers  as heterodyne mixers at sobiilhimeter
wavelengths, This is due primanily o Gvo new and
innovalive concepts 121 which resultm bolometers wath
tesponse tines last cnovgh o allow for intenediate
hieaquencies (P of 1 GHy - 10 GHz, as o well as Jow i
noise temperatures, These TS are high cnough for pracacal
spectioscopy applications and thus these bolometers nead 1o
be seriously considered as heterodyne sensors, Tnothis papa
I will review bricfly review the basies of holometer misers,
Then anovervicew will be piven of the basic operation ol the
nev high speed bolometers, along with a few recent resolts
which demonstiate the periormance. Finally, the vole those
seosors tay be eapected o fulfll will be discussed ] shoald
copliasize that this paper is meant to provide o brel
mbodoction 1o these new bolometer nnxers, and referenee
will be made to the teeent literatine for the interested rewdan
who wishes to delve more deeply into the details, This is not
aoreview  article, but aather an overview ol recent
developments, so no stlempt is made o pive o complete
Listing of resulis and publications.

7B OFOMETERNINERS

Bolometers have been used occosionally as heterodyne
miners primarily because of the advantages of high
freauency  operation (bolometers can be aparated al
millincter dnooeh subnllimeter wavelengths) os well as
high  sensitivity  with nea-guantum hinited noise,
Additionally, bolometars we shaple sgoare- law or totsl
power detectons, There is no instantancous respotee of the of
as with an clectionic e, suachas o Schottky diode or SES
tennel Joncton. Thoe is olso no hanmonme response. The
prnciple disadvantage of the bolometer e is the sfow
thermad vesponse e This Tnoits the 11 1o Tow vialues,
usaadly ol order M/ Tu general this s too Jow (o be e ol
for miany remote- sensing applications involvipgy moleculn
fne spectioscopy such as adioastionomy, atmosphiciic

chemistiy, and planctuny scienee.

The himitation placed on the Hoby the thermad tesponse
tine can be onderstood by consdering the basic operation
of o bolometer mwixer. The two basie eloments o w

bolomet 1 we shovecin breare T There s an clement which
abrorbe che incidoar i poveer, tepicolly s absorbing G,
The abienbor hos o veenmal heat capoenty C and os it
absorhs poveer i W satine 'ncreases, The absorber s
connectod to o henmad bath temperature 1L by o thermad
conductnec G he thenmad response time is gaiven by 1, -
C /G aadaepresout e Cinacenistic tme over which the
temperete ol the balometer can chiange for o sedden
chinge mincident i posveer.
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To opetate the holometer inca hicterodyne mode, ool
oscillitor voltare, N, ot liequeney o and o signl
voltape, Vo at bregueney o are apphicd to the absorber,
winch tor shmplhicily ve ke 1o be a thin il ol resistinee
1, The resulting disapated power s

P by a2 Y contoy, 1) 1)

where oy, = o, o i the I Trequeney, and Iy (VG
PR )Y and oo (V72K ) are the 1O power aud signal powed
Tespec avely dissipated i e boloneter, Fhe bolometer s
not fae L enouph o toliow the 1], so the power dissipated
these Deguendos i the e averaged value, However il
the 1ds low enoueh, the bolometer can follow this
vaniation, so there can be o e dependent teame ot this
trequency The Volioee Responsivity, S, ol the bolometer |3
eives the chanee i voltape actoss the bolometer for a
chang = i absorhied power, and hence con be used 1o
et e the 1 voliae e wmaphitude:



PRI ()
The tesponsivity is piven by:
e LR/ )G 4 oy )Y

where 1is the bias cunrent thnough the resistive film, and
dIRAAT is the derivitive of il resistance with temperature.
Thus for Tow cnough 1, that is o7 1, < 1, the bolometer
con follow the TH power swing; but for oy, 10 1 the 1
voltage will decrease and henee the conversion clficicney of
the minet will dectease. As mentioned sbove, 1, tor nany
conventional bolometers is large enough that the TH s
Jinnited to undesirably low values. However, the two tiew
bolometers discussed below address this issue,

3, NEW APPROACHES

Recently, two new approaches [1,7] huve boen
proposcid for bolometers wite very short thermab response
times and hence @ high 1 golloff frequency. Both
bolometers  utilize  the  resistive  transition ina
superconductive thin flm which results ina linge dRAT and
henee high responsivity. Whit is new however, is that these
devices make use of very thin films: about 10 nny for Nb ot
NBN. Such thin filins have a very high scattering rate due o
suthace eftects and henee o shord clectron meun free path £,

which is about 1 - 10 m. In these films, icis found thit
the electon: clection interaction is enhanced, resulting e a
shott election-clection intetaction tme: 1/ and the

clection phonon interaction is weakened: 1 e £ L e

o
the clections can teach thermal cguilibrium al o temeratine
difterent from the Lattice temperatae. Thus when absorling
t power, the clections can wianin up relative 1o the Latice
temperature. The electiical esistance in the filn depends on
the clection temperature and such adeviee is known e
hot-clection bolometer. Since only the electons are heoted,
the heat capacity C can be very siall, cxspecially for @
submicton-sized device. In addition, the hot-clecuon
bolomeicr discussed below  cmploy  novel
mechanisins for cooling the elections which results dna high
thetmal conductance and henee an overall short thenmal
relaxation time,

mixers

Before describing the details of the bolometers, it
uselul o list the imporlant advantages of these novel
devices:

1)y The thenmal tesponse time is very fast = s . Thus
s of 1 GHz - 10 Gz can be achieved

9 These bolometer miners should operate well toovery
ligh frequeney: several THy There Is Do cnergy gap

Vitation as in an SIS mixer, T foct, 1l powver s
absorbed more uniformly above the encigy pap
lrequencey.

1) The mixer noise mporature is very lows neat-guantum
Thnied.

A Ve low 1O power is required: nW's - WS, This is
comparable o the reguitcinents for SIS mixers and s
an nupottant issue ol high submillimeter wave

fregaencics where 1O powa is difficult to generale.

5) The tl impedance ol the deviee is essentially resistive
and is deternined by the peometry of the filing that 15,
the number of squares in o small stip. Typical values
ange from 20 € 1o 200 0, This greatly siplifies the tf
Gircait design Unlike o Schottky diode or SIS tennel
june tion, there wre no parasilic reactances to tune out.
The el 1 aesistonce of the bolometer should be

y from aboul the energy gap

frecuency up tooa hreguency corresponding to the
caltering time (aboul

019 ey which is approxinately 160 TH7 [1].

ind: pendent ol brequene

inverse clection clection clastic s

) o addition, these devices make use of existing
mseriels and fabncation weehnigues: Nb, NON, YBCO;
micton-scole photolithopraphy, and/o submicron

beam hithography.

4. MIFEUSION-COOLED HOT-E] LOCTRON
BOVLOMETER MIXER

Fiywe 2 shows the basie geometry of this bolometes
mixetr which was proposcd by Do Prober in 1993 . The
unique feature of s deviee is that it vses the tapid
diftusion of hot clechions out of subricron length stiip (o1
miciob idge) of superconducton into notmal metal cantacts
as the cooling mechan, or thernal conductance. Tuorda
for dittusion to donmpnnste, ovel clectron phonon Interactions,
as the cooling medhanism, 10 Is necessany for the
mictobiidge (o be short The appropriate length 1ocan be
estitnated [1] o the eapression:

where D s the diffusion constant, and 1 is the clection-
Clecton inclastic (Cencrpy sharing™) interaction tine,
Bosicolly when an clection absotbs energy from an af
phioton, it shares ils eneiyy in o thme 1 and also diffuses a
distance 172, A hot ciechion i the middle of the bridge can
thus po 12 1elt o nehts At that point, it encovnters the
nonmet metal contact which serves as w beal sink. These
paids ot the end of the miciobridge must be normal metal
cince Andreey rellection 4] at the encrpy pap in o thick
superconducting filor v ould trap the hot-clectons inside the
mictotridge and substantially slow the tesponse of the
devier . The clectionsclection interaction tme can be

estimneted from 5]

1o TOTRIEYY (5
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where Rois the surface resistance and V0 is the
supcrconductive tansition temperature of the thin filie o
the very thin (dirty it ) filn used here, Ris kuger and 1
is smaller than the bulk vaiues, For a 10 mn Nb film oy

example, R = 20 Q/sq, V.= S K, and the widih of the

transition is A1+ 0.5 K. Substituting these values into
cqn (4) aud cqn (5), yiekls a length 1. = 0.2 o The
mictobridge can be somewhat longer (with a corresponding
increase in 1), butshould be less than 2(D )" where 1 is
the clectton-phonon interaction interaction time, For this
length and longer the electons will remain in the bidge
long cnough to produce phonons which can alter the mode
of operation (see section 5).
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Fig. 20 Basic peornetty of the diftusion: cooled hot-clection bolomelel
miet.

The thermal response time can be caleulated o the
usual expession:

1.1, = (C/( {(6)

The thermal capacitance is given by the clection specific

heat [6]:
C:y I\ (1)

where y: 700 /K m® for Nb, ‘I is the ¢lection tCmperature
(which is always about ‘I'_in o transition edge device), and
Vis the devicee voluine. ‘The thenmal conductance Gis piven
by the Wicdemann-Franz Law [6]. This Taw states that the
ratio ol thenwal conductance to electriical conductance is
proportional 1o temperatwe, if the elections cany both the
clecuical current and the thermal corsent, which is the case
{for the diffusion-cooled mictobridge. Thus:

G o3y (/) (PR (%)

where Ky is Boltzman's constant,
clection, T s the temperature 1) and R, is the effectve
clectrical resistance of the mictobridge: Ry, = R 712 {1 R,
is the DC resistance of the microbridge for 1 just above 1.
The factor 112 anises beeause heat flows symunctiically out
both ends of the microbridpe.

is the chinge on the

-

For an actual budee {71 with dunensions width =
0.14 1, lenpth 028 i, thickness = [0 and
R, = 30 Q, the estinated response Gme s 30 psee. The 3dB
1 rollotl frequency for the mixer conversion elliciency is
then given by:

Wy 2 020000, ) (9)

which 1w about 5 Gz in this case. However, doe 1o self-
heating effects [3] Cand o o lesser extent by 1 impedance
misinatch eftects [8] ) the thenmal conductance is redoced to
alower clfective value:

Gy G(1A) (10)

where typically 0.1 < A 0.9 for thenmally stable opetation.
Thus the value of TH 0 can actually be in the range of
about 2 5 Gz, which allows for 1H's conmmonly used in
heterodyne instraments

Now we will estimate the ixer conversion cfliciency
1, the double-sideband recciver noise temperature T, (DSKY,
and the 1O power 'y The conversion efficiency for a
bolometer mixer was originally worked out in detail by
Arvams ctal {91 1906 andceently discussed in connection
with  these new hot clection bolometers [8].0 For
convenicnee, we will follow the simplified approach given
by Prober [T The conversion can be estimated using, the
voltage 1esponavity o the bolomcter and the TH power
amiplitude, The result s

Nl /P s (<=1 Y LG Py /2R (11)

( note: this exprossion s valid for o1, << 1 ). For equal
DC power (P FRY and 1.0 power dissipated in the
bolomcer, (SSB): /8 - 9dB (note that 1 > 0.dB may
be possible under some conditions [81) 1t can be shown that
tic conversion cihciency in this case is independent of 1.,
the Teneth of the nncrobndge [1]0 However, the response
tine 1, e L thus 1E L, e 14 2o Bence, as expeeted for a
device that retios on ditfusion out the ends, shorter is better
for high speed. However, there is no sacrilice in conversion
elhicicney, While decrcasing Towill increase G and henee
1educe the bolometric responsivity, in the heterodyne mode
this can be compensated by increasing the 1O power. Thus
it is possible to have a bolomcter mixer which is both fast
and sensitive.

The best optimization of 1.0y and DC power 1s a topic of
curtent discussion [H10]0 Tu practce, the bolometer is
thermally biased at o temperature somewhat below 1, then
a combinstion ol DC and T.O power is used to heat the
clections up to Vo Prober [H sugpests seting Ty, 0 T
AT/ (et bs, just below the tamsition width) and then
applying cnough 1O 1o heat the elections up by AT/ along
with an cqual mnount of DO power. The 1O power can then
be readily approsimaicd by P AT G/ 4 which is 4 nW
for a 50€ miciobridge with AT, = 0.5 K. Karasik and



Tdantev [10] however suggest that the bath temperatune
should be made low and then the T.O power should heat the
clections from Ty, up to T-AT /2 and the DC power should
then raise the temperatute by AT /2 inorder to reach T
This hmplics an 1.0 power of = 70 W for the sane
microbridge with 1,2 2.5 K and Tz 5 K. Since both the
conversion efficiency and mixer noise improve with
increasing 1.0 power [10], the higher value may be
desitable. Tu cither case, the 1.O power 1equitement is
extiemely low; cqual or less than that requited for a
submiltiieter wave SIS mixer.

It is carrently accepted that the main contiibutions 1o
the noise in a bolometer mixer are due (0 Johnson noise snd
clection temperature fluctuation noise [11]. The latter being
dominant. The Johnson noise temperature is, of course, T
and atises from the film resistance at the tansition
temperature. The clection temperature fluctustion noise
arises tom the thenmodynamic energy fluctuations in an
clection gas at an average thermodynainic tempetature 1.
The RMS election tempetature fhuctuation can be expressed
as [8]:

5

Al = 4k 17 G |2

This yiclds a DSB mixer input noise temperattue of
T2 G/ P, accotding o Karasik and Elantev [10]. Yor the
1.0 power level considered by Prober, this 1educes to
TAHAY. The esulting DS receiver noise temperatue can
be expressed as [1]:

T MDSBY:= | (T2TATY A T 4Ty 1/ (13)

where 1y is the 1 amplifier system noise tempetature. 'Vhus
for T, SK AT = 05K, Ty = 4K, and y(DSB)Y = -7 dB
(ic: 6 dB intrinsic mixer conversion loss and 1 dB of
receiver optical path loss), we pet T (DSB) = 295 K.
However, teducing Te just 1K (a slightly thnmner fito)
yields T (DSB) = 200 K. This performance becomes
competitive with cutrent state-of-the-art SIS reccivers near
frequencies of 500 GHz - 600 Gz, Nowevet, for the
bolonicter mixer there is no inherent frequency dependence
of the petformance above the energy gap fiequency (exeept
of coutse Tor the lincar ficquency dependence set by the
quantumn limit [12]). The same noise temperatwe, 200 K,
should be possible at 0.5 THz o1 several THz (uechatisms
which may ultimately lmit the high fiequency petfonmance
will be brielly discussed below).

To date, the diffusion-cooled hot-clection bolometer
mixer has been rapidly developed by the Jet Propulsion
Labotatory in collaboration with Yale University [7,13.14]
(no other groups have yet 1eported tesults on this new
device). A Nb deviee with dimensions 0,15 jimn wide,
0.28 jum long, and 10 mn thick was tested ina wavepuide
mixer mount in a receiver at an 1O friequency of 530 Gz
( sce references 7 and 14 for a complete discussion of these

results ) This 1O fiequency is well above the gap frequency

of = 400 GHz for this thin Nb film with T=5.3 K and
AT 0.5 1 K. The DSB reeciver noise temperature is 650 K
at an 1 of 1.4 GHz  The estimated DSRB mixer noise
tetpetsture is 560 K and mixer conversion efficiency is
about =11 dB. The caleulated receiver noise temperature is
570 K - 750 K (depending on the exact choice of A1 fiom
the R-T curve and using 1 = =11 dB), and similatly the
predicted mixer conversion efliciency is about -9 dB [154.
Thus the caleulated valoes agree well with expernnent. The
I rolloff frequency was measured to be about 2 GHyz,
which represents superior performence for a low-noise
bolowmeter mixer. This petformance is compatable to the
more matwre subniillimeter wave SIS receivers, 1t is thus
clear from these results that this device works well as a
submillimeter wave heterodyne mixer.

5. ELECTRON-PHONON COOLED
HOV-ELECTRON BOLOMETER MIXER

Figute 3 shows the basic geometry of this bolometer
which was proposed by F. Gershenzon, et al in 1990 [2].
The basic operation of this bolometer can be understood
from fig. 3(b). Anincident 1l photon imparts its cnergy to an
clection i the iilts Tn o short time 1 this clection shares its
encrgy with other clections. The cumulative ceffect of
absorbed 11 power and the energy shating process (ic: the
cnhanced election-clection interaction) in these ultia-thin
filins is to create o hot-election distiibution. Then in a time
1., a hot clectron creates a phonon which then escapes
ballistically, for @ sufficiently thin filin, to the substrate in o
short time 1,6, In order for the hot-clection bolometric
mecharisin to proceed in this manner, there are some
constraints which must be met. Finst 1, << 1, to allow the
clections to heat up from absorbed power. This is usuidly
satisficd for a thin (dirty liniy) filn at fow teperatures
T<10K (2. ¢ 10™sce to 107 see) [16]. Next it is
importmt for 1, << 1, where 1, s the phonon-clectron
interaction Gme . That is, the phonons must escape to the
substrate before they interact back with other electrons, Fhis
yequites that the til be very thinsinee] 2,160,171

VoL (14)

e 4dC/

where dis the Tl tnckness, Coand € are the election and
phonon specific heats respectively, vois the velocity of
sound, and ¢ is the coctlicient of transmission of a phonon
thiough the filin substrate interface. The ther nal tesponse
timme ol the bolometer can then be written as:

Tos Lot T (15)
Thus the hiniting speed of this type of bolometer is set by
1, Cthos limit tequires 1y, << 1, and thus the filins should
be thin, the phonon tansmission at the substiate intetluce
high, and the thermal conductivity of the substrate should
also be high so that it iemains a constant temperature bath).
For a Nb bolometer, 1.+ 1 ns and henee 16,0+ 160 Mz,




which is highet than most bolometer mixers but still too fow
for many practical applications. Yo NbN operated at 7 X -
8K, 1, = 15ps and hence 1, = 10 GHz. This is ol
course high enough to be of practical value.

-/

Nb

(a) W < 1 pm

‘ilm thickness: d

Substrate
(b)

Fig. 3: Basic geometey of clection-phonon cooled bolometer nuxer. (a) Top
view showing geometiy of mictobridge. (b) Cross sectional view showiug
schematically the election-phonon interactions descnbed in the text

The 1.0 power tequitements can be estimated in the
sane way as discussed in the previous section except Gs
now piven by the electron-phonon thermal conductance
(G- 4x 10% TV for thin Nb films {2], for cxample ). 1t
should be noted that G in this case depends on the volume V
of the mictobridge and thus it is advantageous to keep the
volume small. The width of the microbridge should be less
than about 1 pim to avoid a backflow of phonons from the
substrate [2]. Then for a given film surface 1esistance Ry the

length is chosen to give the apptoptiate resistance for an i
match 1o the mixer embedding circuit (waveguide, plana
antenna, o1c..). A typical size is 1 pm xS p. The 1.O
power then tequired for a Nb bolometer mixer is about 50
JOnW () = 4K and Al - 0.5 K ); and for NbN, V¢ +
051 W (1,= 7K and AT = 0.5 K ). These are extremely
low and therefore very desirable for submillimeter
operation.

The mixet noise tempetature and conversion efhiciency
are calculated in the swne way as previously discussed,
However, the more detriled analysis in [8] suggests that
under cestain conditions, conversion efficiency greatet than
unity is possible. Also, o mentioned above, the exact choice

of DC and 1.0 power to optimize the mixer is still being
theoretically analyzed.

Recent tesults have shown that the clection-phonon
cooled bolometer mixer performs very well. Measurements
on a Nb bolometer miner [8] at an 1O frequency of 20 GHz
gave conversion efhciencies between -1 dB and -7 dB, an 1F
Lolloff of 80- 100 MHz, and an 1.0 power of about 40 n W,
These results are in close agrecment with cxpected values,
In addition, an NLN bolomecter mixet operated in
waveguide mount at 100 GHyz | 18] has demonstrated an 11
rolloff @s high as 1.5-2 Glz, and a DS receiver noise
tetpetature of 450 K. This is extiemely good performance,
and is suitable for practical low-background spectioscopy
applications.

Also, high-TC¢ yurum-batium-coppei oxide (YRCO)
bolometers have been investigated [19-21] at wavelengths
of 0.8 pm (375 THz), 1.56 i (192 THz), and 10.6 ftm
(28 TH2). The goal of these investipations was 1o
demonstrate the high speed hot-electron sesponse and the
heterodyne mixing process (noattempl was made to
produce a fully optimized mixer at such high frequencies, so
the estimated conversion cfficiency was low). Heterodyne
mixing was cleatly demonstiated in thin YBCO filins with
an 1F up to 18 GHz (the limit of the measutement system).
Since these bolometers operate at 80-90 K, the phonons play
a more significant role which changes the device physics as
compared to the Tow-"Tc case (see yeferences 10, 18-20 for a
mote detailed discussion).

6. DISCUSSION

The recent innovations in tansition-cdge hot-election
bolomcters (micron and submicron sized, thin, dirty films)
have led to ulta-fast, sensitive devices which wec
competitive as heterodyne mixers. Recent measurements
Lhave proven the concepts and cven shown competitive
performance. However, the most complete mixer
weasurcment to date have been mainly below 1 1THz
( except for the YBCO bolometer mixer tests ) whete there
aheady exist state-ol-the-arl SIS 1eceivers with very low
noise. These new holometer mixers will play an nmporiant
role @t Nequencies well above 1 11z where SIS and
Schottky receivers hecote cither extremely difficult o
impossible (ie: above the encrgy gap frequency of NbN for
example) to operate. In addition, the high-Tc bolometer will
be usclul in applications where sensitivity can be traded off
against cooling requitements, as in a space-based mission,

Lnportant development issucs must be addressed for
cach bolometer. The diffusion-cooled bolometer will need



improved submicton definition and alignment of the normal
metal  contacts., Also, low-1esistance nornmal- to-
superconductor contacts aterequited. For the clectron
phonon Cooled bolometer, the phonon reflection at the fili
substrate interface muost be minimized. This will be
particularly important formatenials like NbN (which have o
high upper limit o the 1 rollofl) which can react strongly
with commonif substrates such as quartz, the reby
producing a poor interface. In addition, bothtypesof
bolometers are resistive at the tf, so a very broadba nd
na teh, to a pla nar antenna for examysle, should be casily
achic ved. The 1 f bandwidth can howevet be so br oad that
the mixer will be easily saturated. Unlike the common
situation for an clectronic mixer with 1¢ active parasitics
where the goal is to achieve a broadband tf watch, these
bolometer mixers will probably require bandpass {ilters at
high submillimeter wave frequencies.

Finally, since the likely rote for these bolometer mixers
will beat very high frequencies, it is important to test as
soon as possible the prediction that the pe tformance is
independent of fieq ueniey. Certain mechanisms may affect
the high frequency perfor mance. A high encrgy il photon
(several THzy will produceahigh energy election in the
superconductive film. This hot electron can then cither shave
its enc 1g y with otherelectto ns, o1 break Cooper pairs, o1
produce hot phonons. In any case, the fitin will absorb of
power, butif the cnergy escapes, for example by the hot
phonons 1apidly leaving the filim, before it is shared with the
clectron gas, then the electrons will not heat as efficiently
andthe sensitivity of the mixer will decrease. Ho wev e,
investigations of phonon processes in thiu Nb filins [22)
suggest this will notbe the case. The expectation is thatthe
p et formanice will not degrade untif at least several 11z,
These detectors should thus have. asignificantimpacton the
ficld of THz heter odyne sensors.
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